Introduction {#Sec1}
============

The selection, design and manufacturing of electrode materials are key for the performance of batteries, since they directly determine the charge capacity and the rate at which the device can be charged^[@CR1]--[@CR3]^. To increase the charge density of Li-ion battery anodes, extensive research has been dedicated to materials exhibiting high theoretical storage capacity using alloys, conversion materials or even metallic lithium. By forming lithiated compounds with high concentrations of lithium, these materials can reach theoretical specific charges as high as 3,860 mAh/g for metallic lithium^[@CR4]^ or 4,200 mAh/g for silicon^[@CR5]^, which is about one order of magnitude larger than that achievable in commercial graphite anodes^[@CR6],[@CR7]^. Since state-of-the-art anodes contain pores, organic binders, electrically-conductive additives and current collectors that do not store lithium, efforts have also been made to minimize the fraction of such inactive materials without impairing the functionality of the device^[@CR8]--[@CR10]^. The reduction of inactive materials represents a promising route to enhance the specific charge of Li-ion batteries but several additional boundary conditions still have to be considered before they become viable commercial options. Such conditions include for example high applicable charging rates, low manufacturing costs, wide availability of raw materials and long-term durability of the device under cyclic conditions^[@CR11]^.

An enticing strategy that has been recently explored to fulfil these several demands is to devise novel electrode architectures, in which the spatial organization of active and inactive material is designed to maximize electrochemical performance and lift ion and electron transport limitations. As an illustrative example, electrodes with aligned porosity have been fabricated with the help of an external magnetic field to enhance by threefold the transport of Li ions across graphite anodes^[@CR12]^. Similar improvements have been made by casting electrode pastes onto unidirectional sacrificial templates, followed by removal of the template by thermal treatment^[@CR13]^. Anodes with hierarchical porous structure have also been developed to optimize the porosity of the electrode^[@CR14],[@CR15]^. Provided that the transport of Li ions is the main factor limiting the electrochemical performance of the device, these approaches can be used to increase the volumetric charge capacity of the electrodes without compromising the achievable charging rates. To also ensure sufficient electrical conductivity of the electrode, methods have also been proposed to incorporate a metallic phase into the active material to enhance the transport of electrons beyond what is currently achieved using carbon-based additives (e.g. super-P)^[@CR16]--[@CR18]^. This has been achieved using for example copper, nickel and carbon-based foams, percolating networks^[@CR19],[@CR20]^ or electrodeposited nanopillars^[@CR21],[@CR22]^. In one of such strategies, coating the conversion material Nb~2~O~5~ with graphene resulted in anodes with reduced transport limitations, allowing for an increase of the active material loading without a severe decrease of the electrochemical performance^[@CR9]^.

While the design and fabrication of architectured electrodes is clearly a very promising strategy to enhance the performance of batteries^[@CR23]^, further research is still needed to enable the manufacturing of advanced electrodes with optimized microstructures and robust long-term operation using scalable, cost-effective processing technologies. Integrated electrodes made by depositing active material on pre-fabricated metallic foams show excellent electrical conductivity but are still too porous to reach high volumetric efficiency^[@CR17]^. Although the architectured electrodes based on a conversion material and a percolating graphene network show a reduced detrimental effect of an increased active material loading, their fabrication involves complex steps that introduce additional processing costs and are challenging to upscale. Therefore, manufacturing technologies that can be easily translated into existing fabrication platforms and that result in electrodes with high volumetric efficiency are highly demanded. Additionally, it is important to consider all cell components when measuring the true volumetric efficiency of the cell. The active material mass often does not even reach half of the total mass of the electrode and cannot therefore be representative for the true electrochemical performance^[@CR24]^.

Here, we report a manufacturing route for the fabrication of integrated electrodes with high charge capacity that is based on the room-temperature compaction of architectured particles using a simple uniaxial pressing operation. The crucial aspect of this approach is the synthesis of anode materials that are partially coated with metallic islands that will form a percolating conductive network and exert a binding function between the active material after the consolidation process. By enhancing the electrical conductivity of the anode, such metallic phase allows for the facile manufacturing of electrodes that are significantly thicker compared to copper-free counterparts. The presence of a strong percolating metal network in intimate contact with the active material also mitigates the catastrophic effect resulting from the pulverisation of the conversion material during long term cycling^[@CR25]^. While the approach should be compatible with a broad range of active materials, we demonstrate the feasibility of this concept using a model conversion based material ZnO particles coated with copper islands as an illustrative example^[@CR26]^.

Results and discussion {#Sec2}
======================

The formation of architectured ZnO--Cu particles involves two simple and robust non-aqueous sol--gel reactions (Fig. [1](#Fig1){ref-type="fig"}a)^[@CR27]^. In the first reaction, porous ZnO particles are prepared by mixing the Zn precursor in diethylene glycol for 50 min at 190 °C. The precipitated ZnO particles are afterwards filtered, dried and suspended in benzyl alcohol for the next step. In the second reaction, a Cu precursor is added to the ZnO suspension to form the metallic coating on the oxide particles. The coating is created while the suspension is kept under stirring at 180 °C for 180 min.Figure 1Synthesis of architectured Cu-coated ZnO particles. (**a**) Schematics of the two-step synthetic procedure based on non-aqueous sol--gel chemistry. (**b**) SEM image and (**c**) X-ray powder diffraction of the synthesized architectured particles.

This facile synthetic route leads to Cu-coated ZnO particles architectured at submicron length scales (Fig. [1](#Fig1){ref-type="fig"}b). Scanning electron microscopy shows that the ZnO particles formed in the first step of the synthesis exhibit a hierarchical structure of 10--20 nm nanoparticles assembled into larger 400--800 nm spherical agglomerates (Fig. [1](#Fig1){ref-type="fig"}b; Supplementary Fig. [S4](#MOESM1){ref-type="media"}b). In the second processing step, such agglomerates are coated with copper islands that vary in size from approximately 50 to 200 nm. The formation of metallic islands suggests that the underlying ZnO particles are not fully wetted by the precipitated copper oxide that transform into metallic copper later during the reaction. This is a desired feature for the intended electrode application, since it ensures direct exposure of the conversion material to the Li^+^ ions present in the electrolyte. Besides direct exposure to the electrolyte, the ZnO agglomerates should display high porosity to enhance the diffusion of the Li^+^ ions and accommodate the volumetric expansion resulting from the lithiation process. ZnO particles prepared under similar synthesis conditions in previous work^[@CR28]^ show a total surface area of 80 m^2^/g, which is in agreement with the highly porous nature of particles produced via this non-aqueous sol--gel route, also seen in the SEM images of Fig. [1](#Fig1){ref-type="fig"}b.

XRD powder diffraction confirms that ZnO and Cu are the main phases present in the architectured powder (Fig. [1](#Fig1){ref-type="fig"}c). The absence of bulk copper oxides in the XRD spectrum indicates that the copper precursor is completely reduced into metallic copper during the second sol--gel reaction. This does not exclude the possible presence of a nanolayer of copper oxide on the surface of the bulk copper, which would not be detectable by XRD. The bulk electrical resistance of a 11 mm diameter pressed electrode was found to be less than 1 Ω (Supplementary Figure [S6](#MOESM1){ref-type="media"}). This indicates that the copper particles form a conductive percolating network, which would not be expected in case the particles would be covered by a thick oxide layer. While we use here ZnO as an example of a conversion anode, the non-aqueous sol--gel reaction could be applied to a variety of oxides and should thus be applicable to other electrode materials (see Supplementary Figure. [S2](#MOESM1){ref-type="media"}). In addition to its chemical versatility, this synthetic procedure also allows for easy tuning of the metallic coverage by changing the amount of reactants used in the synthesis (see Supplementary Fig. [S3](#MOESM1){ref-type="media"}).

Architectured Cu-coated ZnO particles allow for the facile manufacturing of integrated electrodes by uniaxial pressing of the powder in the dry state (Fig. [2](#Fig2){ref-type="fig"}a). The resulting integrated electrode combines into one single bulk part: (1) the electrochemically active conversion material (ZnO), (2) a porous network for the diffusion of Li^+^ ions through the electrolyte, and (3) a metallic network for the transport and collection of electrons ensuring also the mechanical stability of the electrode. Combined these features allowed us to obtain an integrated electrode architecture with high volumetric charge.Figure 2Microstructure of the integrated electrodes by uniaxial pressing of the powder. (**a**) Schematics of the tri-continuous interpenetrating network of ZnO, Cu and pore phases obtained upon pressing of the architectured powder. (**b**) 3D reconstruction of the interpenetrating phases obtained from FIB cross sections of a pressed electrode. (**c**) Volume fraction and (**d**) percolation degree of the ZnO, Cu and porous phases across the electrode. (**e**) Calculated tortuosity of the individual phases along specific directions within the structure.

To fully benefit from this integrated architecture in a battery electrode, it is essential that the porous and metallic network show high degree of percolation across the entire structure. We assessed the structure and the degree of percolation of the integrated electrode by analysing reconstructed images obtained from 3D FIB tomography of a specimen pressed at 160 MPa (Fig. [2](#Fig2){ref-type="fig"}b). Our results show that the pressing step increases the apparent density of the electrode, leading to a monolith comprising ca. 45 vol% of mesoporous ZnO, ca. 39 vol% of Cu and ca. 16 vol% of macropores (Fig. [2](#Fig2){ref-type="fig"}c). Comparison of the volume fraction of phases obtained from the FIB data with the relative density measured using the Archimedes method suggests that the ZnO phase contains ca. 18% mesoporosity. This indicates that the electrodes reached a relative density of 66% after pressing. The image analysis also reveals that all these phases form a tri-continuous interpenetrating network, each of which with a percolation degree higher than 0.93 (Fig. [2](#Fig2){ref-type="fig"}d). The formation of a percolating metallic phase indicates that the pressure applied during compaction and the concentration of copper in the architectured powder were sufficiently high to establish contact points between the metallic islands present on the surface of the ZnO particles. The high relative density of the electrode after pressing (ca. 66% or up to ca. 84% without counting the ZnO mesoporosity) also suggests that the copper islands probably underwent localized plastic deformation during compaction of the powder, providing a simple way to produce high-density electrodes at room temperature.

While percolation ensures the formation of a continuous path for the transport of electrons and Li ions across the structure, the tortuosity of the percolating network determines the resistance of the electrode against these electronic and ionic transport processes. By solving numerically the diffusion equation to estimate the mass transport in 3D for each one of the phases, we obtain tortuosity values in the ranges of 4.0--4.5, 3.2--4.2 and 10.9--14.9 for the ZnO, Cu and porous phases, respectively. The higher tortuosity of the porous network reflects the significantly lower volume fraction of macropores relative to the other phases (Fig. [2](#Fig2){ref-type="fig"}e). The tortuosity of the porous phase is slightly higher along the vertical (z) direction, most likely due to the structural anisotropy generated during uniaxial pressing. Given the strong dependence of the tortuosity on the volume fraction of the respective phase^[@CR2]^, this important structural parameter can be potentially tuned by adjusting the relative fraction of the ZnO and Cu in the initial powder and the pressure applied in the manufacturing process.

The effect of this percolating architecture on the electrochemical performance of the electrode was evaluated by performing galvanostatic measurements and rate capability tests on specimens with fixed powder loading. The electrochemical behaviour of the architectured anode is first assessed by examining the lithiation process of the ZnO particles under the low charging rate of C/20. This allows us to determine the different Li-based compounds formed during conversion of the ZnO to the lithiated products. Indeed, the galvanostatic data show that the potential of the electrode displays distinct plateaus when plotted as a function of the specific charge introduced in the material (Fig. [3](#Fig3){ref-type="fig"}a). The shape of the potential curves below 1.5 V is characteristic of ZnO under lithiation. The four potential plateaus at 1.3 V, 0.7 V, 0.5 V and 0.4 V can be assigned to various Li--Zn phases^[@CR29],[@CR30]^. We cannot exclude that some features below 1.5 V might also be associated to reactions between Li^+^ and Cu/Cu~2~O^[@CR31]^. This feature is not observed in conventional electrodes deposited on copper current collectors since those current collectors have a preferential orientation limiting their reaction with Li^+^. The sloping region above 2 V is attributed to the electrochemical activity of copper, since ZnO does not store charge at such high potential. As opposed to conventional flat current collectors, the Cu phase within our electrode architecture exhibits a much higher surface area, thus increasing the apparent electrochemical activity of Cu. We estimate the amount of charge stored in the Cu phase to be around 1/3 of the total charge, which corresponds to approximately 125 mAh/g for all cycling rate tested here, based on electrochemical tests performed on copper coated alumina electrodes (see discussion in the SI and Supplementary Fig [S2](#MOESM1){ref-type="media"}). This storage capacity of Cu is similar to that observed with carbon additives and graphene scaffolds. For instance, a graphene oxide scaffold can reach values between 190 and 210 mAh/g at 100 mA/g and 2,400 mA/g, respectively^[@CR32]^. Taking into account that hand-made (laboratory) electrodes may contain up to 20 wt% of this additive, a non-negligible amount of their specific charge arises from the charging capacity of the carbon present in the electrode formulation^[@CR33]^.Figure 3Electrochemical performance of the pressed Cu--ZnO anodes. (**a**) Representative galvanostatic curves for electrodes loaded with 80 mg/cm^2^ of powder for different cycling rate (C/20 and C/5) between 0.01 and 3 V vs. Li ^+^/Li. (**b,c**) Effect of (**b**) the applied cycling rate on electrodes with different loading and (**c**) the electrode loading on the charge capability of samples pressed at 160 MPa and exhibiting total porosity of approximately 44%.

Increasing the charging rate from C/20 to C/5 significantly changes the profile of the potential curves (Fig. [3](#Fig3){ref-type="fig"}b). At C/5 rate, the electrochemical load curve is smooth and the potential plateaus are no longer clearly observed. Moreover, a clear overpotential is visible, due to, among others, an increased resistance of the system towards the diffusion of Li^+^ in the electrolyte compared to the tests performed at C/20 rate. To better understand the electrochemical behaviour of the architectured anode under such diffusion-limited conditions, we performed galvanostatic rate capability tests while keeping the powder loading fixed at 40 mg/cm^2^ (Fig. [3](#Fig3){ref-type="fig"}b). The experimental results show the expected reduction of the specific charge of the electrode as the charging rate is increased. Despite the observed diffusion limitations observed at high charge rates, the specific charge of our highly loaded electrode at C/10 reaches 200 mAh/g, which is 1.5--2 times higher than the values reported for thin ZnO electrodes containing 20 wt% of additives and tested at comparable charging rates^[@CR29],[@CR34]^. Although inferior than the specific charge of 490 mAh/g obtained with ZnO--Ni foams at C/12.5 rate^[@CR34]^, our electrodes can be readily prepared in a simple pressing operation and thus do not require the multi-step processes required for the manufacturing of the foam-based anode.

The ability to prepare thick electrodes is another major advantage of our anodes, since this increases the fraction of active material in the battery, possibly enhancing the attainable specific charge per unit volume of the total device. Too thick electrodes, however, increase the diffusion length for electrons and Li^+^ ions, which in turn reduces the rate at which the battery can be charged and discharged. We examined the effect of the electrode thickness on the electrochemical response of the anodes by measuring the specific charge of specimens prepared with powder loadings varying from 40 to 160 mg/cm^2^ (Fig. [3](#Fig3){ref-type="fig"}c). Such powder loadings led to high electrode thickness in the range of 100--400 µm. Our experimental data confirms that the charging rate needed to reach a specific charge per unit mass of the electrodes decreases for increasing powder loadings. This is probably related to the low porosity of the pressed anodes, which limits the diffusion of Li^+^ ions throughout the electrode structure.

Despite their diffusion limitations, the proposed integrated anodes perform very well if compared with reference ZnO specimens that do not feature a percolating metallic network (Fig. [4](#Fig4){ref-type="fig"}a). To quantify the performance improvement arising from the presence of a percolating metal phase, we compare the specific charge of the architectured electrodes with those of reference anodes prepared by pressing or slip-casting of Cu-free ZnO powders. Given the capacitive effect of the metallic phase, the specific charge was calculated considering the mass of both ZnO and Cu phases. For the cast specimens, the ZnO powder was suspended in a solvent containing 20 wt% of poly(vinylidene difluoride) as binder and 20 wt% of a carbon additive (Super P). The resulting suspension was directly cast onto a Cu foil to create a thin film with particle loading of 1.5 mg/cm^2^ (corresponding to 0.9 mg/cm^2^ ZnO). In the case of the pressed reference samples, a thick anode with loading of 31 mg/cm^2^ was prepared by uniaxially pressing ZnO powder onto a 48 mg/cm^2^ Cu foil. The electrochemical data obtained from these comparative measurements indicate that the metallic network enhances the specific charge of the anode by 4--5 times when compared to the reference specimens at current densities in the range 1--3 mA/cm^2^ (Fig. [4](#Fig4){ref-type="fig"}a). The relative improvement in capacity reaches 1 order of magnitude if the electrochemical performance of the electrode is quantified in terms of areal charge (Fig. [4](#Fig4){ref-type="fig"}b). Although the difference in specific charge becomes smaller at higher current densities, the remarkable effect of the metallic percolating network is clearly demonstrated and can possibly be maintained at high current densities if the diffusion of Li^+^ at high rates is facilitated through the incorporation of aligned porosity across the anode, as demonstrated by previous work^[@CR12],[@CR13],\ [@CR22]^.Figure 4Electrochemical performance of the pressed Cu--ZnO anodes compared to conventionally-processed ZnO anodes and various architectured electrodes reported in the literature. (**a,b**) Comparison with cast and pressed ZnO electrodes in terms of (**a**) specific charge and (**b**) areal charge. (**c**) Specific charge as a function of powder loading for a wide range of architectured anode and cathode materials. (**d**) Estimated area and volumetric charges of the Cu--ZnO architectured electrodes compared to the literature. (**e**) Long-term cycling test of a Cu--ZnO electrode conducted at C/10 rate as compared to the performance of a reference specimen of ZnO deposited on a copper foil with the same ZnO and Cu amounts. (**f**) Lithiation and electron transport is still possible after particle fracture due to the binding role of the copper phase.

When compared with other Li-ion electrodes reported in the literature, our architectured Cu--ZnO anodes stand out in terms of powder loading (Fig. [4](#Fig4){ref-type="fig"}c). While the stronger diffusion limitations associated with these high powder loadings inevitably reduces the specific charge that can be stored per unit gram of anode material, the high estimated areal and volumetric charge capacity is a key advantage of such highly-loaded electrodes (Fig. [4](#Fig4){ref-type="fig"}d). With a volumetric charge of up to 400 mAh/cm^3^ at 5 mA/g current density, the Cu--ZnO anodes surpass the volume-based capacity of several previously-reported integrated electrodes, including the Ni foam-SnO~2~, graphene-Nb~2~O~5~ and graphite systems^[@CR9],[@CR35],[@CR36]^. Indeed, the specific charges achieved are comparable to those of high-capacity architectured cathodes, with which they can be potentially combined to create high-performance full cells^[@CR3],[@CR13]^. Moreover, the high performance of the architectured anodes can be achieved using uniaxial pressing as a very simple manufacturing procedure. This contrasts with the multi-step labor-intensive processes needed to fabricate the high-performance electrodes used as references^[@CR3],[@CR13],[@CR37]^. Reducing the manufacturing process to such a straightforward operation is only possible due to the unique structure of the initial Cu-coated ZnO powder.

The metallic percolating network obtained by pressing this powder not only incorporates current collecting capabilities to the electrodes but also enables long-term cyclic operation of the conversion material used for Li^+^ uptake. This is demonstrated by cyclic tests performed at C/10 rate on Cu--ZnO specimens with powder loading of 80 mg/cm^2^ (Fig. [4](#Fig4){ref-type="fig"}e). The cyclic measurement reveals that the electrode sample retains 80% of its initial charge for 35 cycles and is able to operate for as many as 400 cycles while keeping an areal charge of 0.8 mAh/cm^2^, which corresponds to 31% of the charge capacity shown in the beginning of the test. By contrast, a reference sample comprising a ZnO film deposited on a Cu foil, therefore same composition but different architecture, cannot withstand more than 3 cycles at 10 mA/g current density before losing its charging capabilities. The high cycling performance of the integrated Cu--ZnO electrode is quite impressive in view of the large volumetric expansion in the order of 200% expected during lithiation of this conversion material^[@CR38]^. For comparison, conversion anodes exhibiting similar volumetric changes often display very limited cycling capabilities^[@CR39]^. The high stability of the Cu--ZnO anodes against cycling results from the interconnecting role of the Cu phase in between the ZnO particles (Supplementary Fig. [S5](#MOESM1){ref-type="media"}). The large number of contact points between the active material and the copper provides mechanical integrity to the anode even after the expected fragmentation of the ZnO particles during lithiation (Fig. [4](#Fig4){ref-type="fig"}e). The presence of the binding Cu phase ensures that electrical contact is still maintained throughout the electrode. Our results suggest that even after fracture of the particles upon cycling the conductivity is retained due to the copper coating as schematically illustrated in Fig. [4](#Fig4){ref-type="fig"}f.

Conclusions {#Sec3}
===========

Thick integrated electrodes featuring high volumetric charge capacity can be easily manufactured by uniaxial pressing of architectured Cu-coated ZnO particles. The high volumetric charge of the electrodes arises from the high relative density of the electrode and the absence of organic binders and carbon-based additives in the anode structure. The fabrication of functional electrodes with high loading is possible through the formation of a three-dimensional percolating network of copper upon pressing of the initial architectured powder. This metallic network provides electrical conductivity and mechanical stability to the thick electrode during cycling. With an areal charge of 14 mAh/cm^2^ and a volumetric capacity of up to 400 mAh/cm^3^ at a current density of 5 mA/cm^2^, the pressed Cu--ZnO electrodes can store 6 times more charge as compared to conventional ZnO films deposited on Cu foils and perform comparably well with the most advanced architectured electrodes reported in the literature. Moreover, the high charge density of the pressed anodes is above 80% capacity retention for 35 cycles and degrades by 69% when the electrode is subjected to 400 charging cycles, an impressive performance for the active material used here. This long-term cycling capability contrasts with the quick failure of the reference anode. This is possible due to the binding role of the copper network, which prevents full fragmentation of the active material during the volumetric changes associated with the lithiation process. Most importantly, such electrochemical behaviour is achieved using a straightforward manufacturing process that is simple enough to be entirely compatible with the existing workflow of today's battery production. The synthetic procedure used to obtain the architectured powder can in principle be applied to a wide range of other conversion materials that suffer from the same cycling issues. By programming the electrode architecture already during the synthesis of the anode material, this approach enables the utilization of a readily available pressing operation for the scalable manufacturing of electrodes with enhanced electrochemical performance.

Methods {#Sec4}
=======

Chemicals {#Sec5}
---------

Zinc acetate dihydrate \[Zn(ac)~2~.2H~2~O, 99--101%\] was purchased from Sigma Aldrich. Copper(II) acetylacetonate \[Cu(acac)~2~, 98%\], benzylalcohol (BnOH, 99%) and diethylene glycol (DEG, 99%, extra pure) were purchased from Acros. *N*-Methyl-2-pyrrolidone (NMP, 99%) was purchased from Fluka. The Super P carbon black and the poly(vinylidene difluoride) binder (PVDF, Kynar) were purchased from Imerys (Switzerland) and Arkema, respectively. All chemicals were used as received. The Li metal counter electrode (≥ 99.9%, 0.75 mm thickness), the glass fibre separator and the LP30 electrolyte were purchased from Alfa Aesar, Whatman UK and BASF, respectively. Such an electrolyte contains 1 M LiPF~6~ dissolved in a 1:1 weight ratio of ethylene carbonate and dimethyl carbonate.

Synthesis of ZnO nanoparticles {#Sec6}
------------------------------

Nanoparticles were prepared by adapting a procedure published elsewhere^[@CR27],\ [@CR40]^. In brief, 40 g of Zn(ac) were added to 200 mL DEG in a round bottom flask and immersed in a preheated oil bath at 190 °C. As soon as the temperature of the solvent reached 154 °C, the powder fully dissolved, and the solution became transparent. When the solution reached a temperature of 170 °C, it became turbid, a sign of the nucleation of the ZnO nanoparticles. After 30 min, the reaction was stopped, the flask was removed from the oil bath, and the solution let to cool down to ambient temperature. The suspended product was collected by filtering, washed with 100 mL of ethanol, and dried under vacuum at 1 mbar for 24 h.

Copper coating of ZnO nanoparticles {#Sec7}
-----------------------------------

1 g of ZnO nanoparticles were first dispersed in 300 mL of BnOH and tip sonicated for 15 min at 100 W under magnetic stirring. Then, 8.55 g of Cu(acac)~2~ were added and the resulting suspension was immersed in a pre-heated oil bath at 180 °C for 3 h 45 min under continuous stirring. The flask was allowed to cool down to room temperature and the powder was separated from the solvent by vacuum filtration and washed with 100 mL of ethanol. The powder was then dried in a vacuum of 1 mbar for 24 h. The yield of this synthesis is 98%.

Powder characterization {#Sec8}
-----------------------

Powder samples were sputtered with 3 nm of platinum and investigated by scanning electron microscopy (SEM, LEO 1530, Zeiss, Germany). X-ray diffraction (XRD) measurements of the powders were performed at room temperature with an XRD diffractometer (X'Pert Pro, PANalytical) for 2θ angles between 20° and 100° for 35 min operating in reflection mode with Cu Kα radiation (45 kV, 40 mA).

Preparation of pressed electrodes {#Sec9}
---------------------------------

20, 40 and 80 mg of the coated powder were placed in an 8 mm diameter pressing mould (Specac, Switzerland) and pressures ranging from 40 MPa (2 kN) to 640 MPa (32 kN) were applied using a mechanical testing machine (Instron 8562, USA) to prepare mechanically stable electrodes. The powder loadings varied from 40 to 160 mg/cm^2^.

Preparation of tape cast electrodes {#Sec10}
-----------------------------------

83.3 mg of PVDF was dissolved in 2.6 mL NMP with the help of a high shear mixer (IKA Ultraturrax, Germany). Then, 83.3 mg Super P carbon black was added and mixed, followed by the incorporation and mixing of 250 mg of the active material powder into the resulting suspension. The casting was performed on a 12.5 µm thick copper foil using a custom-made tape casting device. The thickness of the wet cast layer was set to 250 µm. The dry electrode sheet showed a solid loading of 2.5 mg/cm^2^, composed of 20 wt% PVDF (binder), 20 wt% Super P carbon black and 60 wt% of the synthesized powder, leading to a total weight fraction of 21% ZnO and 39% Cu. The ZnO loading is therefore 0.5 mg/cm^2^ for the copper-coated powder electrodes. For the reference electrodes without copper coating, the solid loading was 2.2 mg/cm^2^, composed of 20 wt% binder, 20 wt% Super P carbon black and 60 wt% of ZnO powder leading to a ZnO loading of 1.3 mg/cm^2^.

Microstructure characterization through image analysis {#Sec11}
------------------------------------------------------

The microstructure of the samples was analysed via scanning electron microscopy (LEO 1530, Zeiss, Germany). The tomography data were collected on a FIB machine (NVision 40, Zeiss, Germany) and aligned with *Image J*'s plugin *Correct 3D drift*^[@CR41]^. The *Matlab* script *TauFactor*^[@CR42],\ [@CR43]^ (version 1.208) was used to measure the phase fraction, percolation, and tortuosity. The percolation degree is a value between 0 and 1 and represents the fraction of material of the considered phase which is interconnected. The free software *Paraview* was used to produce the 3D images. Further details about the analysis are reported in Supplementary Fig. [S1](#MOESM1){ref-type="media"}.

Density determination {#Sec12}
---------------------

The density of the electrodes was calculated geometrically through the known diameter of 8 mm and the measured thickness. The theoretical density is calculated considering the volumetric fraction of each phase and assuming that densities are additive: $\documentclass[12pt]{minimal}
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                \begin{document}$${d}_{th} = {d}_{ZnO}\cdot f + {d}_{Cu}\cdot \left(1-f\right)$$\end{document}$, where *d*~*ZnO*~ = 5.61 g/cm^3^, *d*~*Cu*~ = 8.96 g/cm^3^ and *f* is the volume fraction of ZnO relative to the total volume. The relative density of the electrode was calculated using the ratio: *d*~*rel*~ = *d*/*d*~*th*~ with *d*~*th*~ = 7.504 g/cm^3^.

Electrochemical characterization {#Sec13}
--------------------------------

The electrochemical performance of the electrodes was assessed on a half-cell configuration. Cast and pressed electrodes were placed in a customized coin cell with a Li metal counter electrode and a glass fibre separator (Whatman, UK). 500 μL of LP30 (BASF, Germany), containing 1 M LiPF~6~ dissolved in a 1:1 weight ratio of ethylene carbonate and dimethyl carbonate, was chosen as electrolyte. Cycling was performed in galvanostatic mode using an Astrol device (Astrol Electronic AG, Switzerland). All measurements were performed at 25 °C and all potentials cited in the text are given with respect to a Li^+^/Li reference. In a typical testing program 5 cycles at C/20 are first applied to enable the formation of the solid electrolyte interphase (SEI). This is followed by 10 cycles at C/10, C/5, C/2, C and 2C rates. Finally, 400 cycles at C/10 rate are conducted to test the long-term stability of the electrode. For a 1C-rate, a current of 1,000 mAh/g is applied to (dis-) charge the battery in 1 h. The cell is cycled between the cut-off potentials of 0.01 and 3 V. A potentiostatic step of one hour was performed at 3 V before each change in the cycling rate to allow the electrode to reach an equilibrium and to assess the real electrochemical performance of the electrode. Since the copper phase also stores electrical charge, the specific charge obtained from the electrochemical measurements was normalized by the total electrode mass. To compare the volumetric specific charge of our integrated electrodes to that of reference anodes and cathodes reported in the literature, we assume the current collector of the reference anodes to show a minimal mass of 10 mg/cm^2^ and a thickness of 12.5 µm. Our integrated electrodes do not need an additional current collector because of the intrinsic conductivity properties of the 3D copper network.
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